Wavelet analysis of the magnetic field fluctuations in the Martian foreshock is performed. Dynamical features of wave spectra are compared with plasma measurements of backstreaming ions and simulation results for all available data from the Phobos-2 spacecraft. A detailed analysis reveals the complex, fine structure of the ULF waves. It is shown that enhancement of this electromagnetic activity (mostly, at frequencies higher than the proton gyrofrequency) coincides with entry of the spacecraft into a bunch of exospheric protons reflected from the bow shock. Emissions near cyclotron frequencies of H + , He + , O + are also recorded. These waves indicate pickup processes in the upstream region of Mars.
Introduction
Comprehensive studies of the Earth foreshock region have shown that VLF and ULF wave emissions are generated by electrons and ions reflected and energized at the bow shock. The wave measurements made near other planets have confirmed the existence of planetary foreshocks and their close relationship with processes at the bow shocks. The Phobos-2 spacecraft has performed the first study of the Martian foreshock. Various VLF and ULF waves were typically recorded in the upstream region of Mars (Grard et al., 1989) . The Martian electron foreshock is well marked by the appearance of electron plasma oscillations (Trotignon et al., 1991) . Skalsky et al. (1992 Skalsky et al. ( , 1993 have shown that these emissions are well correlated with enhanced electron fluxes streaming along the magnetic field from the bow shock. Russell et al. (1990) have measured strong, low frequency fluctuations of the magnetic field in the ion foreshock. A statistical study of the occurrence of ULF fluctuations has been performed by Delva and Dubinin (1998) . They analyzed FFT spectra of magnetic field fluctuations and found that the wave activity in the ion foreshock is qualitatively similar to the cases of the Earth or Venus. Barabash and Lundin (1993) have shown that the Martian ion foreshock is populated by distributions of backstreaming protons, as it is the case in the Earths foreshock. On the other hand, the Martian bow shock possesses additional features which are not observed at the Earth (Dubinin et al., 1995) . The extended neutral corona up to 10R M around Mars affects the processes in the neighborhood of the planet. Probably, the most abundant neutral components are molecular and atomic hydrogen which could reach very high altitudes as a consequence of their small mass and of the weak gravitational attraction of Mars. The ionization and subsequent pickup of exospheric ions can therefore produce the same type of effects as in the case of comets. Russell et al. (1990) have found waves at the proton gyrofrequency and attributed them to pickup protons originating in the Martian exosphere. Dubinin et al. (1994 Dubinin et al. ( , 1995 have emphasized that pickup protons contribute significantly to the ion population in the foreshock. At Earth, the fraction of backstreaming ions is estimated to be about 1% of the incident solar wind (Bame et al., 1980) . Ip (1992) and Dubinin et al. (1994) have suggested that the contribution of protons originating from the neutral hydrogen exosphere of Mars may be the reason for much larger fluxes of backstreaming particles. The importance of pickup ion reflection at the bow shock is related to their ring/shell distribution in the velocity space. Due to this distribution, a significant fraction of pickup ions may be reflected at the electrostatic cross-shock potential. These ions have small normal velocity components at the shock interface, which prevent them from crossing the electrostatic barrier. It is important to keep in mind that the fraction of reflected ions is proportional to (m p /m pickup ) 1/2 , where m p and m pickup are the masses of proton and pickup ion, respectively (Zank et al., 1996) ; and more heavier pickup ion species are less efficiently reflected at the bow shock. Using a simple approach, Dubinin et al. (1994) have modeled the interaction of pickup ions with the bow shock. "Overreflection" of protons leads to a redistribution of the number density of pickup ions near Mars and the flux of backstreaming protons may reach ~50% of the ambient solar wind. An increase in the flux of backstreaming ions may result in the enhancement of wave activity. The main purpose of this paper is to analyze the possible relationship between the observed ULF waves and backstreaming ions. We also perform a detailed analysis of shortwave packets observed in the foreshock. For analyzing the dynamical variations of the magnetic field fluctuation in the timefrequency domain, we use a wavelet transform which has had many successful applications to space plasma physics during the last few years. For instance, this technique was used to study transient bursts of electromagnetic activity during substorms (Holter, 1995) . The wavelet-filtering scheme was applied to the analysis of steepened magnetosonic waves and the localization of the source of whistlers (Muret and Omidi, 1995) . In the estimation of polyspectra, wavelets were applied as a substitute to windowed Fourier transforms (Dudok de Wit and Krasnosel'skikh, 1995) .
Wavelet Analysis
One of the major shortcomings of the widely used signal representation in terms of Fourier components is an inconsistency between presupposed condition of stationarity and the generally transient and intermittent behavior of the space plasma media. Having no temporal resolution, Fourier transform is not suitable for the analysis of the dynamic evolution of the frequency spectra and often misses smallscale events that can be significant for understanding the physical process. To overcome this deficiency, the standard technique of windowed Fourier transform (Gabor, 1946 ) is used for time-frequency localization. Here, Fourier transform is performed over the signal convoluted with some windowing function which is localized in frequency and in time. With this technique, all frequencies of the spectrum are determined with the same absolute frequency and temporary resolution. In a simple approach, the wavelet transform can be presented as a further development of windowed Fourier transform where the employed window size (and, consequently, time and frequency resolution) is proportional to the frequency, thus optimizing the uncertainty principle for each frequency component, taken individually (Rioul and Vetterli, 1991) .
For the signal analysis, the most commonly used mother wavelet is the Morlet wavelet, which is defined as
where σ is the width of the Gaussian envelope and f 0 is the matching frequency. The basic wavelet for our analysis is obtained by a dilation t( f/f 0 ) and a translation τ of the mother wavelet, i.e. t → (t -τ)·( f/f 0 ): The analytical expression of this wavelet transform is close to the Fourier transform of the signal convoluted with the Gaussian function. Thus, the result of the Morlet wavelet transform can be interpreted as a local spectra of the signal and be presented as a time-frequency diagram of the spectra amplitudes. In this paper, the wavelet diagram has a linear scale for the time, a logarithmic scale for the frequencies and a logarithmic gray scale for the wavelet magnitude (spectra amplitude). The frequency resolution of the classical Morlet wavelet is about one-third of the octave (∆f/f ≈ 30%).
Wavelet Application to the Magnetic Field Fluctuations
In this work we used magnetic field data recorded with the sampling rate of one point every 1.5 sec measured in the upstream portions of the first three elliptical orbits, just before the spacecraft crossed the bow shock near the subsolar point. During these orbits, the magnetic field instrument was operating in a high rate telemetry mode. Wavelet analysis of the data helps to distinguish weak oscillations that would be washed out by the Fourier transform averaging procedure. To estimate the upper frequency of the observed fluctuations, we use the data of the B Z magnetic field component power spectra. The spectra were calculated onboard in a frequency range 0~10 Hz, every 30 sec.
In this paper, we compare magnetic field fluctuations with the observations of backstreaming ions. One should keep in mind that Phobos-2 data about the ions streaming in a sunward direction are rather scarce. The ASPERA instrument was able to provide direct measurements of backstreaming ions at azimuth-elevation angles 60° × 5° (Lundin et al., 1989) . The spinning of the spacecraft could increase angular coverage up to 60° × 60°. Unfortunately, an onboard running count averaging procedure decreased the sensitivity of the sensor. Only two energy channels (380 and 938 eV) were sampled without averaging. Indirect evidence of backstreaming particles could also be obtained by comparing the data of the TAUS instrument, which could accurately measure solar wind protons from a sunward direction (40°× 40°) (Rosenbauer et al., 1989) , and the data of the "moment sensor" of the ASPERA, which provided on-board calculated plasma fluid parameters. The moment sensor, divided in 10 sectors, had a 360° × 5° field of view and, therefore, 2D-moments of protons in the upstream region were "contaminated" by particles reflected from the bow shock. This approach was well justified by Dubinin et al. (1994) , who compared a simulated number density of pickup protons with the ASPERA data and plasma densities derived from the spacecraft potential measurements (Pedersen, 1991) . The model of Dubinin et al. (1994) involves the interaction of pickup ions with the bow shock by calculating ion trajectories as test particles in the external electric (E = -1/ cV sw × B) and magnetic fields taken from the measurements. The starting points for test particles, weighted in accordance with the exosphere profile, are uniformly distributed on hemispherical shells. The electric potential distribution at the bow shock varies with the angle between the normal to the bow shock and the magnetic field (Θ Bn ): where k = 0.6~0.8. The model is described in more details by Dubinin et al. (1994 Dubinin et al. ( , 1995 who show that particles specularly reflected from the potential barrier, contribute essentially to backstreaming ion populations. The applicability of the model can be justified by a comparison between the particle data recorded by different instruments. Figure 1 presents particle data and model calculation for the elliptical orbit on February 8, when the spacecraft was three-axis stabilized. Conditions in the solar wind were rather stable. The proton number density and the bulk velocity were 1.4 cm -3 and 450 km/s, respectively.
There are several intervals (04:20, 04:40, 04:57, 05:06, 05:15) where remarkable increases in the electron and proton number densities above the background level were observed by the two instruments PWS (panel (a)) and ASPERA (panel (b) ). Variations of plasma parameters measured by the TAUS instrument, that recorded only the incoming solar wind, were rather small. Therefore, these events were attributed to backstreaming protons (Dubinin et al., 1994 (Dubinin et al., , 1995 . Traces of protons moving from the bow shock, were measured by the detector with a narrow field of view (5° × 60°) in localized regions, while the spacecraft crossed a bunch of reflected pickup protons (panels (c)-(e)).
The model (panel (f)) replicates every small detail of the observations. Enhancements of the number density are associated with the entry of the spacecraft into "bunch" of reflected ions resulting from the photo-ionization of exospheric neutrals.
Observations by the PWS reveal a steeper slope of the profile of Ne as compared with simulations. We have no reasonable explanation for this discrepancy, as well as for the noticeable gradual decrease of the floating potential that was interpreted as an increase of Ne. Dubinin et al. (1994) have suggested that a discrepancy might be related with an assumption of the uniform IMF in the simulation runs. In reality, electromagnetic turbulence generated by backstreaming ions can grow to large amplitudes and reflect a significant fraction of the backstreaming ions back to the shock, increasing the contribution of the pickup proton population. However, this explanation needs to be testified by the selfconsistent hybrid simulations of the "curved" Martian shock. One can also speculate about the contribution from other ion species, like H 2 that is the richest component of the Martian atmosphere at high altitudes (Krasnopolsky and Gladstone, 1996) . However, this point is not yet supported by ion composition measurements. Some uncertainty also remains in the derivation of the electron number density from the differential potential measurements. They are made under some assumptions about the mean kinetic energy of electrons (see, for example, figure 2 in Escoubet et al. (1997) ). Figure 2 shows the wave activity for the same time interval. The two upper panels show the magnitude of the magnetic field and the angle Θ BV between the solar wind and the magnetic field direction. The simulated number density of pickup protons (panel (c)) is given for reference. Notice the anticorrelation between Θ BV and the simulated reflected pickup ions number density due to the fact that the position of the bunch of the reflected ions is controlled by the interplanetary magnetic field and approximately coincides with the region occupied by the ion foreshock. Fig. 2 ) follow quite well the intensification of the emissions above Ω p . The analyses of the FFT data leads to the conclusion that the emissions observed in the upper part of the wavelet diagram are the lowest part of broad band emissions covering a range around 1 Hz. Similar behavior is also observed in the lowest (0~10 Hz) channel of the electric field, displayed in Fig. 2 (panel (f) ) and provided by PWS (Grard et al., 1989) . The comparison between panel (c) and the upper part of the wavelet diagram (panel (d)) shows a clear increase in the intensity of the waves above Ω p when the model predicts the augmentation of backstreaming protons. The data sets from the other orbits exhibit similar behavior. At 04:55:00, the increase in the number density of the reflected ions was accompanied by strong emissions near and below Ω p . This event will be discussed later.
Figures 3 and 4 compare the dynamical behavior of backstreaming ions and the spectral power of the low frequency fluctuations for the first and second orbits (1989/02/ 01 and 1989/02/04-05). The spacecraft was in a spinning mode and plasma measurements were scarce, a detailed variation of the plasma density can be only derived from the spacecraft potential measurements. Although some events resulting from the simulation have no noticeable counterparts in the N e -data, a reasonable agreement between the probe measurements and simulation supports suggestions about the essential role of reflected pickup protons in the dynamics of the ion foreshock. Uncertainties in the despinning procedure of the magnetic field data could explain why the correlation between the simulated number density of reflected pickup ions and the electron density is not as good as for the previous case.
A comparison between the particle behavior and electromagnetic activity reveals that the entry of the spacecraft into the ion bunch is generally accompanied by an increase of fluctuations above Ω p . For the first elliptic orbit (1989/02/ 01), the frequency band of the emissions extends to the more lower frequencies. The events cover a broad frequency range from near Ω O + (1.5 mHz) up to at least 1 Hz. The low frequency fluctuations are not necessarily associated with backstreaming ions, so other sources of waves are also possible.
Most of the observed emissions are manifested as structures of shortwave packets, each having a duration of rarely more than two or three periods; the wavelet transform allows its precise time localization. This feature is crucial for our comparison with plasma data. Some emissions near the proton gyrofrequency correlate with ion fluxes, although their relationship with cyclotron waves excited by proton beams needs a more careful analysis. The interpretation should take into account the Doppler shift due to the relative motion between the spacecraft and the protons which generate harmonic structures in their reference frame.
During the second elliptical orbit (Fig. 4) on 1989/02/04-05, the bow shock was crossed at 00:00:04. Nearly 20 min before, in the bow shock foot, a strong enhancement of magnetic field turbulence, accompanied by an increase of up to 25% in the number density of reflected ions with respect to the solar wind number density, was observed. At the same time, the wavelet diagram reveals strong emissions with a gradually widening frequency band and a growing amplitude which appears principally above the proton gyrofrequency. This is particularly clear from a comparison between panels (c) and (e). For high Mach number shocks, the observed fluctuation behavior seems to be due to whistler waves which are generated by the nonlinear evolution of the shock front (Krasnosel'skih et al., 1991) . Their phase velocities grow with the frequency (Melrose, 1986) , so that, due to the solar wind deceleration, the cut-off frequency of the whistler waves, which are capable of propagating against the solar wind, decreases.
As in the previous cases, a gradual increase in the floating potential (an increase of Ne derived from probe measurements), starts about 1 hr before the shock crossing. This increase of "background Ne", probably dissimulates perturbations associated with reflected pickup protons, which have smaller amplitudes as compared with events in other orbits, although traces of the perturbations can be revealed.
At 23:40, when the spacecraft had not yet reached the foot, a strong increase in the electron density was detected on PWS (panel (c)) and, at the same time, waves above Ω p were recorded (panel (f)). The rest of the time, the solar wind was not too disturbed by backstreaming ions. However, the rare occurrence of reflected pickup ions, seen by PWS and In the preceding section, we compared the wave activity in the ULF range with the plasma data and the model distribution of planetary protons upstream of the bow shock. It is shown that an enhancement of electromagnetic activity (mostly, at frequencies higher than the proton gyrofrepredicted by the model, are coincident with the waves distributed near and below the Ω p . So, this is the case at 22:59:00; 23:07:00-23:10:00; 23:15:00-23:20:00; 23:40:00-23:42:00, and it is less evident at 23:27:00-23:31:00. quency) coincides with the entry of the spacecraft into a bunch of pickup protons reflected from the bow shock. It was also shown that waves with frequencies near and below Ω p are quite intense and frequently occur without being associated with backstreaming ions. Here we present data suggesting that the solar wind mass-loading by pickup ions may be partly responsible for the emissions observed near Ω p . Figure 5 contains time-frequency displays of the power spectrum of the magnetic field fluctuations for a relatively quiet period without strong magnetic field fluctuations. No traces of backstreaming ions were found, which is not surprising because the angle Θ BV is near to π/2 and large angles are not favorable for reflection conditions. The direction of maximum variance of the magnetic field filtered in a frequency band near Ω p for this time interval coincides with the X-direction. Therefore, the only B x -component was chosen for wavelet analysis. A chain of wave packets with their central frequency near the proton gyrofrequency is clearly seen during this event. If the observed mode is fed by cyclotron resonance with new-born ions, with no drift along the magnetic field, its frequency in the solar wind frame is expected to be ω SW ≈ -k || V SW ·cos(α) ± Ω p . Polarization of waves in a plasma rest frame depends on whether the resonance occurs during the normal or anomalous Doppler effect. The relation between the frequency in the spacecraft frame and the frequency in the solar wind frame is defined by the Doppler shift. In general, the frequency spectrum is centered near: <ω s/c > = ω SW + k·V SW ·cos(θ VB )·cos(θ kB ); with the bandwidth ∆ω:
where θ VB is the angle between the vectors V SW and B, θ kB is the angle of the wave propagation vector k with respect to B, k || is the parallel component of the wave vector with respect to B (Brinca and Tsurutani, 1989) . A minimum variance analysis shows that the observed waves propagate at small angles with respect to the magnetic field (for example, the emissions recorded at 17:06:46~17:09:46, propagate at θ kB = 7°) and are left-hand elliptically polarized. If emissions at the frequency ~Ω p are excited by newly born pickup protons, the bandwidth of spectrum is about of 2ksin(80°)sin(7°)V SW ~ 0.1V SW /V th ·k·ρ·Ω p , where V th is the thermal speed of the solar wind protons, and ρ is the gyroradius of the protons. Analysis of kinetic dispersion equations by the program WHAMP (Rönmark, 1982) , brings kρ ~ 0.3 for waves with obliquity θ kB ~ 10°. Therefore, ∆ω 0.6Ω p , (V SW /V th ~ 20), which is consistent with observations. It should be mentioned that for waves generated by backstreaming pickup protons, frequencies measured in the spacecraft frame will be Doppler shifted (~kV ||beam ). This shift probably explains why fluxes of reflected protons correlate with higher frequency turbulence. The fact that the Martian foreshock somehow falls between the cometary and the Earth's foreshocks is worth noting. In the cometary environment, new-born ions were often found to have near zero average velocities in the spacecraft frame. In the Earth's foreshock, the main contribution comes from high-speed ions streaming in the sunward direction. At Mars, bow shock reflection favors pickup planetary ions with small velocities.
Two "long-lived" tones are seen at lower frequencies too ( Fig. 5) . Their frequencies and amplitudes gradually vary with time. The duration of the longest one is more than 4 wave periods and its frequency changes from ~14 to ~7 mHz. The wave packet in the frequency band 5~24 mHz, which is recorded at 17:02:43~17:08:58, propagates at 12°w ith respect to the magnetic field and has right-hand elliptic polarization. These emissions could be associated with the presence in the upstream medium of new-born oxygen and helium ions in the upstream region; hence, observed the lower frequencies. Figure 6 gives an example of the complicated wave structure observed during the third elliptic orbit at 04:53-05:00 (Fig. 2) . It occurred in association with a strong increase in the number density of the reflected pickup ions and consists of several emissions of different frequencies and durations with different wave properties. This event is probably due to the combined effect of the sharp change of the magnetic field at 04:53 and generation by new directly injected or backstreaming ions of planetary origin. The detailed WL-diagrams of the three components and the magnitude of the magnetic field are presented in Fig. 6 . The emission near Ω P occurs at 04:58 and essentially consists of fluctuations in the B X -component. Amplitudes of fluctuations of B X and B are nearly the same, which points to the compressional character of this wave. The wave has left, elliptical polarization in a spacecraft frame and the propagation angle is 65° ± 15°. Oscillations of the magnetic field occur nearly in phase with the electron density fluctuations. The parallel electron compressibility defined as C || = (δN/ N)·(B/δB || ), is about 0.37. Similar wave properties were obtained from the kinetic dispersion relations calculated with the program WHAMP (Rönmark, 1982) for a particle distribution consisting of solar wind and backstreaming pickup ions with large T ⊥ . The maximum growth rate for the Alfvenic left-hand mode (which occurred at kρ = 0.14 and θ kB = 60°) is γ/Ω P = 0.12 and the frequency in solar wind frame is ω = 0.65Ω P . This frequency is Doppler shifted to near Ω P in the s/c frame. The parallel compressibility of this wave C || = 0.6, which is in a reasonable agreement with the observations. The emission at 6 mHz (~0.15Ω P ) has less of a compressional character (the amplitude of the fluctuation of the B Z component is much larger than that of the magnitude of the magnetic field). The wave is right-hand polarized and highly elliptical with the propagation angle 40° ± 20°. The phase difference between the magnetic field and electron density fluctuations is about of 70°~110°. The wave at 16 mHz (~0.4Ω P ) also reveals a transverse character. The increase of the wavelet amplitude at 04:56 slightly below Ω P with no evident frequency maximum, is mostly produced by a sharp singularity in the magnetic field and requires a more detailed analysis.
Conclusions
We have applied the wavelet transform (WLT) to the magnetic field data recorded during the Phobos mission in the upstream region of Mars during the first 3 elliptical orbits. This analysis revealed complex, fine structures of the magnetic field turbulence, which are not generally evidenced by the Fourier transform averaging procedure. A timefrequency diagram of WLT gives good visual representation of the turbulent medium and makes it possible to deduce the time and frequency localization of short wave packets.
Comparison of measurements/simulations of backstreaming ion fluxes in the Martian foreshock with dynamic features of ULF fluctuation shows that the enhancement of proton fluxes associated with entry into a bunch of reflected exospheric protons is in good coincidence with an increase of the electromagnetic wave activity above the proton gyrofrequency. On the other hand, reflected protons are often absent, which suggests that other mechanisms of wave generation can take place (see, for example, Baumgärtel et al., 1998; Sauer et al., 1998) . The detailed growth rate calculation, performed for conditions corresponding to the observation of these waves, allows us to identify them as L-H waves generated by reflected pickup ions with little Doppler shift in the s/c frame. The complex wave structure of many events demonstrates the necessity of further analysis and theoretical studies.
